PREFACE

Appendix G of the Calibration of the High Energy Tele-
scopes for the Voyager and ISEE Cosmic Ray Experiments
(CSC/TM-81/6280) has been expanded to include a discussion
of the range-energy relation. The attached pages should
replace the corresponding pages in the original document.
Each revision is marked by a vertical bar in the right
margin; the date of the revision is shown in the lower
right corner. The original COMDEX number on the document
cover and title page should be changed to CSC/TM-81/6280UDl.
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Programs on the PDP 11,/70

D. V. EReames

Proyrams have pbeen written on the PDP 11/70 that allow genera-
tion of response tables ("boxes") for particle telescopes vwhose
complexity does not exceed that of +the Voyager—-1ISEE HET tele-
scopes. Response is based upon amn internally generated
range/senergy relation for silicon that is calibrated to a few
peccent accuracy for particle species from protoas throuéh Fe at
en2rgiss from below | MeV/AHU through ionization minimum (2.4
GeV/AND) lieavier spacies and thinner detector elements (<10 mi-

crons) umay also be used, but with greater uncertainty.

The proyram TESTA accepts a detector description file as imput
and produces calculatad track files on disk for the detector mod-

es and particle specizs requested.

The program PLOTPR uses the track file from TESTA to produce
any number of printer plots of theoretical response matrices.

The desirasl plots are selected interactively at the CRT terminal.
The projram BOXLGEN or AUTOBOX uses the track tile data froa

TESTA to generdate response tables in a foram suitable for input to
the FLXPLI prograr on the IBM 300.
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An additional program, PLOTVG, was written to plot response
curves on the vector general plotter. ilowever, paitiy because of
VG limitation, the part of the program tha: would allow measure-

ments to be compured with the curves has not been implemented.

2. Track Calculatiomns

—

Most of the physics of the detector system and i1ts response to
particles is determined by the TESTA program; the wmain task of

the other .programs is to reformat the output from TESTA.

The inp&t to TE3TA is a detector description f£ile such as that
shown in Figure 12 b. Records beginning with C in the first col-
aan are treated as coaments and are not analyzed by the program. .
A £file for a new detector is most easily created by copying and
editing an old file; using the commented coluan headings as a
template,.

The features of tha detector file are as foilows:

2.1.1 7Title Record: the first two characters will be used as
part of an outpiat "mole name? to signify telescope number. The
remainder of the record is a descriptive title that appears on
all calculated output from all 11/70 programs based on this file.
Additional data (range/energy version and file name) are later
appended to the title, beginning in coluan 58.
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2. 1.2 TIelescope Complexity: the number of wodes {maximum 4)
and gains {maximum 2}. dodes for tiils double ended telescope
will involve particles that stop after entefing from either ena
anl those that p2netrate after entering either end. A single

ended telescope like the ISEE-VLET, has only 1 mode.

: Layer Records: one record for each distingui-
Shable physical iayer 1in the detector (maximua 19). These re-
cords include a 2 character element name and number for each
elactrically defined active element (maximum 8) or blank and zero
tor dead laysrs Threshold energies are also specitied (MeV) in

high and lov gain for active elements., Every layer is defined by

a thickness, spacing to the next layer and radius, all in mi-
crons, anl a curvatuce iadex for curved elements. Thicknesses
need not be inteqgers.  Columns 4,5 and 6 contain pointers that

define how the signal (the energy deposited in each layer) will
be summed by pointing to a sumaing register for each mode. (An
attewmpt is made to duplicate the preampiifier-sumaing amplifier-
PHA configuratiom of a HET). Registers number | and 2 will be-
come the two Mielta E" elements. Both must exceed threshold to
form a coincidence. Register 6 sums the anti-coincidence signal,
distinguishing stopping and penetrating particles. Energy depos-
ited in registers 3, 4 and 5 will be converted to chamnels and
then summed to produca the ME® pulse height. Register 7 collects
the unobserved energy from dead layers.

.. . - . \ . . -
2.1.4 Calibration Records (11): specify the conversion from

deV to channels for the active layers described in comments oa

the right for low and high gain, respectively, via

ielta [ (channels) = (channels/FS#eV) * [ delta E {MeV)) + OFPSET

2.1.35 slant Descriminator Definiton: up to two slants may be

c
defined in each stopping mode and for penetrating mode.  Slants
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are computed in chananels and, for a given mode, may apply to low
gain only [GN=1) or voth low and high gain [GN=2). Slants are
computed from the listed coefficients oy

CHY *¥ delta EiI + Cd2 * delta E2 + CH3 * E + S0

where delta E!, deita 82 and E are expressed in channels. The
slant is true if the above result is greater than zero. The text
labels under t, 2 or both will appear on the printed output when-
ever the corresponding slant conditions are true.

2.1.6 Species Cards: define the specific particle species,
modes and gains for the current track calculation. A header rTe-
cord specifies the number of modes and the number of species in
each gain. This is followed by species records with a
4-character name, and ;ts charge and mass [ANU).

BEIEDN AR RRAmERSamSRSS

Witk access to a detector file, TESTA proceeds to calculate
track data for each gain and species listed on the (file. For
each such <case, the subroutine TABLE is invoked to generdate a
range/en=2rJy tabla that will be used for all detector wodes re-

guested.

N
i
il‘-‘

Logic Summacy:

For each detector model, the program first maps the detector
by summing the thicknesses in the proper direction to determine
the particle range €5 each physical boundary of the system froa
the first coincidence {elements 1 and 2), to the anti-coincidenc-
es [element 6) or td ionization minimum for penetrating parcti-
cles. For the first interface with each active element, the
range is then modifiel so that the energy deposited in the detec-

tor exceeds thresholds.
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The program tnen calculates the detector response as the par-
ticie range is stepped in swmall increments £rom poundary to
boundary. The stepping algorithm allows the step size to in-
crease if the charge in the response 1in any channel is less than
4 user-specified precision between | and 10%.

Each range point also corresponds to a given depth in the de-
tector when detector spacing data are included. The depth and
detectosr radii  defipe a maximum inclination angle and for fiat
detectors, the response of a particle at the maximum angle is
calculated For curved detectors, the "extreme Cesponse” curve
depends upon the curvature and a first order approximation for

dET detectdors 1is internally generacted by TESTA. .

A geometry factor is also defined at each calculated depth. A
two-concentric-element geometry factor is calculated using radii
of the frount detector (first detector with sum register pointer
not equal to 7), and the current detector [or the last detector
pointer not equal tao 7). The geometry factor 1is calculated as

shown in Figure 2 of the main document.

The calculation starts at the front of the telescope and pro-
ceeds to greater and greater depth. The geometry factor at a
given depth is taken as the minimum of the current and preceding
ones in order to cocapensate to first order for detectors with
large-radius elements that do not define the geometry.

2.2.2 The- R

Calibration of the ISEE and Voyager experiment response matii-
ces requires an accurite description of the stopping process froa
about 20 keV/nucleon for Iron nuclei in the first channel of the
VLET (very low energy telescope) through minimum ionizatioa at
2.4 GeV/nuzleon. At high energies the stopping process is well
descrived by the BEIHE-BLOCK formula. odifications of their
formula allow it to be extended down to energies where the parti-
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cle captures the figst few orbital electroas. At low energies
where the binding of oropital elections 1is approximated Dby the
[homas-Fermi mouael, the electronic stopping poWwer is approximate-
ly iinear in vslocity and a more complex but well described nua-
clear stopping power begins to dominate the enerygy loss process.

{Lindhard Schacrff and Schiott, 1963, "L55")

At intermediate energies, where the stopping power 1s passing
throuﬁh a @maximam, it is common to use empirical power law expan-
sion to fit the measurements [eg. Northcliffe & Schilling 1970)..
In this work, we have preferred to modify the high and low energy
torms into Dbetter agreement and to use an empirical weigating
factor to shift between them in ocder to merge smoothly 1nto the

correct asymptotic behavior,

The Thomas-Fermi sStatistical model of the atom results in a
smooth dependence on the atomic number of the particle and of the
stopping material, A more discontinuous behavior arising from
atomic shell effects has been observed (cf eg., Ziegler, 1978).
#e have included a small empirical correction term B (Z) in the
expression for the characteristic veliocity of each element to
cover any residual effects of this kind. This factor is found to
vary more sumoothly than expected and to peak for Silicon ions
{stopplng in the 51 da2tectors).

The available data for ions stopping in Si (or A1) have been
considered in determining the fit constraints as well as data
from the ISEE- VLET's which constrains the range energy fof the

heavier elements within an accuracy of 2-3%.

Parameters of the stopping material, Si, are explicitly in-
cluded in the formalism as Z{stopping), A (stopping), the mean
ionization potential, I(stopping) =173.5 eV and the density,
p (stopping) = 2.33 g/:ﬁz._ However the adequacy of the fit for

other materials has not been studied and should not lbe assumed.
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Our form of the BETHE-BLOCK expression with crarge pickup dif-
fers slightly from cthat given in Bichsel {1970). Let D be the
particle velocity (in units of the velocity of light,c) and Z and
A pe its atomic number and weight, respectively. Let

2/2
/BOE Blz) —Z (1)
137

characterize the particles' orbital electron velocity where B (Z)
is a paramster of order 1 described previously and given by the

table:

z B (Z) Z B (2) z B (2)
] . 10 .99 1 . 985
2 4 1) 33 13 383
3 85 12 102 21 1385

it "9 i3 1202 22 .385
5 135 14 102 23 1395
7 1575 16 1.0 25 1395
8 2375 17 150 58 2335
9 139 15 1.0 57 1.0

Using %i, se define _
v,;p: (ﬁ -?'004)/ﬁ0 for ﬁ > .004 {2)
0 /3 < .004

the .004 offset being eampirical.
The effective charge for stopping, 2%, is
6%
2 =Z(i—h,o (-vM()) (3)

and our BETHE-BLOCK foram is

,%(_E = e, ;:2 l:,ﬂ.\. (1 + < (CJ’QJ(:‘) _/g"] “

I
@
B3

where n@lis the electron mass,

PR
y=(1-g")
and the constant

- s —l
’Cl

Z/ﬂ'e"A/
2
MQC'
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5 ZA
Ae

= 3.071 X0 €a (5)

The latter value gives units of MeV/micron used in the progranms.
Including the one in the logarithm prevents a divergence at low
velocities but bas alaost no effect in the region where the

BETHE-BLOCK form dominates.

Generally speaxing, the BB fora will be valid for >/, [(see
eqn. 1) and the LSS form will be valid for /3<fi‘ Since the
transition appears in practice to depend on the eleetron charac-

teristics »f the targat as well as the projectile, we define

2
I
<. ‘ —e .
o™ [ Ko, ()
Th2 welghting factor Ls then
2 {7)
= - 5
= L2p (-1.2 /g./éﬂl)

The LSS s2lectronic stopping power {per atom) is given by
2 ZZ, v 2/3

Azi.fn'e a —= = fr V>392 (8)

J
LS

#
whare f'\' 2
e
and 2 2/ %/
ZLS = Z + Z:a

The following modifications are made to the LSS foru:

1. A constant multiplier of .34 is included (other authors
have also found Equation 8 to underestimate the stopping

power).

2. A factor B(Z) is included in the denominator for consistency

with Eguatioan 1.

3. An exponentiali tfactor, similar in form to the weight factor

Revision 1, March 1982




page 172

is included to roll over the iinear dependence at and above

the cross-over region.

The result, in HeV/micron is

/.1323

de| ., 157Peiz A ) .

—
Az + 2#3) .
R

514

The contribution to the energy 1loss from nuclear collisions

was obtained by fitting the Thomas-Ferai scattering function ([see

LSS figure 1) to the euwpirical form
£ (x) = [« 077) {(Ln[8500x)) ~/ (1 + 1.29x) [10)
and integrating to obtain the dimensionless stopping power
€
de = -—‘—J 76(2) dx (1)
dp €,

which is a lenqthy iantegration; retaining dominaat terms gives
{1n our anits)

) Alor 4 1
%S : C"{[y“j? +O'5A(w*i)] w ) (12)
e bl (0 o0 14) = ( 1 40,6453 wo01) > %
where
W = MAX (. 007814 , C, * E/A ) (13)

in terms of the particle energy E, and the constants defined in

equations 12 and 13 are

32566 44

< = 1.9 - . (14)
& (A+/44)Zz¢(zz"3¢gl/’) e
d <
and 4
> 51/ 22z
Co=077 —227¢C =

2/ | .
A (A+4,) (273, 27) " (15)
o
Finally, the full energy loss is defined to be

odE dE dE . dE |
S gy ) e
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In equation- 16 the syabol | means that portion of the energy
loss frowm the L35 typs ilnteraction, etc. for the other symbols.

The range-energy r2lation is derived frouw the energy loss via
-1
rE de
- a= A
R_) (dy) E (17)
L4

usincg ap algorithm described elsewhere.
The enerqgy loss formalism described herein relates to prograas
and output described is version MRY", fgarlier (or later) versions

may involve a completely different parameterization.

In running TEsTA, the run is prompted for:

» An output file name Any valid file name may be entered; ISEE
convention uses a file type .TRK with mnames like ICHET1.TEK.
The program may pe terminated by entering a period iastead of
a file name,

e An input detector file name (e.g. ICHdET1.DET)

e Stepping precision ([percent channel change per step; default
5%)

s Print compression flag: true- print every line; false- print
every other step for single mode telescopes, every 4th step for
multi-mode telescopes. This controls printed output only, ali
steps are recorded on the track file.

s Ranges/enerdy flag: true- a one page conplete range/energy loss
table will be produced for each particle species in the detec-
tor file. A furthor prompt for new values of constants should

be defaulted {/return); false- no Z-E table output

'
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The printal outpac from TESTA lists the telescope response for

each step (depth) in the detector. Listed are:

e The range {depth) in microas

» The particle energy in HeV/ANU

» The response {chanunzls) .

¢ The response {chanaels)

» The response channels

 The name of a physical bounaarf when first encountered (XX for
Jead layers) Thzse are the precise points at which the
threshold is exceeded or the boundary is reached, not the near-
25t step.,

* The name of the slant condition satisfied,if any

» The gqeometry factor [ca2 ster)

e The secant of the maximum inclination angle

* The energy and channel response for the extreme-respouse track
at the sane deéth {three sets of entries)

The direct-access output file records contain similar infor-
mation to that printed. The file is headed by index records
for each species thiat point to the data records for each mode.
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